In this paper, a twin-body fuselage configuration is discussed for advanced supersonic transport. This twin-body fuselage concept is inspired by the wave reduction effect of the supersonic biplane airfoils proposed by Kusunose et al. The wave drag characteristics as well as the wave drag reduction are discussed by inviscid CFD computations at our design Mach number of 1.7 utilizing an aerodynamic design optimization method. Aerodynamic shape optimizations of single/twin-body fuselages are executed to explore the lowest wave drag configurations. The optimally designed non-axisymmetrical twin-body shows the best aerodynamic performance. Wave drag of our proposed twin-body shows 2/3 that of the Sears-Haack body. It is well known that the Sears-Haack (single) body has the lowest wave drag for given volume and length of the body. The increment of skin friction drag is also discussed for the twin-body fuselage configuration. Based on the total drag analysis, the superiority of the optimal twin-body fuselage configuration over the conventional single-body fuselage configuration is clearly demonstrated.
Introduction
A fundamental problem preventing large commercial aircraft from supersonic flight is the creation of strong shock waves, whose effects are felt at the ground in the form of sonic booms. Since the strength of the shock waves generated by an aircraft flying at supersonic speed is a direct function of both the aircraft's weight (which is equal to its lift) and its occupying volume, it has been very difficult to sufficiently reduce the shock waves generated by heavier and larger conventional commercial aircraft to meet acceptable sonic boom levels. A reduction method of the shock strength due to the lifted wing has been discussed in the literature [1] [2] [3] [4] by introducing a supersonic biplane wing concept. In this concept, the strength of wave drag has been successfully reduced by the interference of shock waves between the biplane. According to Ref. 1), the reduction rate of wave drag by the biplane airfoil was nearly 90% in two-dimensional inviscid flow computations, compared with a diamond airfoil which has the same volume as the biplane airfoil.
In this paper, we focus on fuselage configurations at a supersonic flight condition in order to reduce the strength of shock waves generated by a large-size supersonic transport (SST) in which we plan to accommodate more than 200 passengers. Based on the minimum drag formula for supersonic aircraft developed by Jones, 5, 6) we can estimate the wave drag due to the volume of the aircraft's fuselage. The formula is given as is the friction drag coefficient. The second and third terms respectively express the vortex and lift-dependent wave drag contributions where L is the lift of aircraft. The last term expresses the wave drag contribution due to its volume V, which allows us to analyze how to reduce the volumedependent wave drag. The first approach is to increase l while it is restricted by both operational and structural concerns. The other approach is to reduce V while it is also a difficult task for a large-size SST. When both l and V are predetermined, it is well known that the Sears-Haack body 7) produces the minimum wave drag. Are there any fuselage configurations for a further wave drag reduction beyond the Sears-Haack body?
In this paper, we propose a supersonic twin-body concept and investigate twin-body fuselage configurations in order to tackle this problem. We discuss the wave drag characteristics of twin-body configurations based on computational fluid dynamics (CFD) results in supersonic inviscid flows. In our analysis the freestream Mach number (M 1 ) is set to our design Mach number of 1.7. Since it is obvious that the twin-body fuselage will have a larger skin friction drag than single-body fuselages, we therefore discuss the increment of skin friction drag by introducing simple algebraic Ó 2013 The Japan Society for Aeronautical and Space Sciences skin friction models. Our goal in this study is a significant reduction of the wave drag that is generated by the fuselage of a large-size SST. It is important to note that the skin friction itself, in general, does not contribute to sonic boom. The wave drag, however, is a fundamental measure of the strength of sonic boom, because the strength of sonic boom is directly related to the strength of shock wave generated by the body. 1) This paper is organized as follows. In section 2, we introduce a supersonic twin-body fuselage concept. The computational methodologies used in this research to find optimal twin-body configurations are described in section 3. In the subsequent sections, wave drag characteristics are examined for single-body fuselages as well as twin-body fuselages based on inviscid CFD simulations at M 1 of 1.7. The viscous effect to the twin-body fuselage configuration is discussed in section 7. Finally, we provide concluding remarks in section 8.
Supersonic Twin-Body Fuselage Concept
The supersonic drag formula of Eq. (1) allows us to estimate the wave drag due to the volume of an airplane's fuselage. Wave drag of an airplane's fuselage is proportional to the square of its volume when the body length is fixed. Therefore, if we split a large single-body fuselage into two individual small bodies, the wave drag of those split bodies will reduce to 1/4 of that of the original one. The total drag of the twin-body configuration, then, becomes 1/2 of the original single-body fuselage under the constant-volume and constant-length condition. This concept is inspired by the wave reduction effect of supersonic biplane airfoils. 1, 2) It is, however, important to note that this estimated wave drag for the twin-body configuration is reasonable only when the wave interactions between these individual bodies do not exist. In order to make a realistic airplane fuselage, those two split bodies should be located reasonably close to each other. Therefore, unnecessary wave interactions between the bodies will always exist, resulting in an additional wave drag. In this paper we employ a design optimization approach to find an optimal twin-body fuselage configuration keeping the unnecessary drag rise minimum.
Computational Methodologies
This section briefly outlines the computational methodologies used in this research.
Flow evaluation
Three-dimensional supersonic inviscid flows are analyzed using an unstructured mesh CFD solver of the Tohoku University aerodynamic simulation code (TAS-code). 8, 9) Compressible Euler equations are solved using a finitevolume cell-vertex scheme. The numerical flux normal to the control volume boundary is computed using the approximate Riemann solver of Harten-Lax-van Leer-EinfeldsWada (HLLEW).
10) The second-order spatial accuracy is achieved via the unstructured MUSCL (U-MUSCL) approach 9,11) with Venkatakrishnan's limiter. 12) The LU-SGS implicit method for unstructured meshes 13) is used for the time integration. Three-dimensional unstructured meshes are generated using the TAS-mesh package, which includes surface mesh generation using an advancing front approach 14, 15) and tetrahedral volume mesh generation using a Delaunay approach.
16) The high accuracy of this unstructured mesh CFD approach has already been confirmed in the literature. 9, 17) 
Design optimization
For the detection of minimum wave drag configurations, a surrogate model-based design optimization approach is used in this research. An ordinary Kriging surrogate model [18] [19] [20] [21] [22] [23] is used to construct the surrogate model of aerodynamic functions in design variable space. Firstly, initial sample points are generated in the design variable space using a Latin hypercube sampling method, and then they are evaluated using the high-fidelity CFD computations. By using the CFD results, initial surrogate models are constructed. The search for a promising location in the design variable space is executed by a real-coded genetic algorithm 24) on the surrogate model. A promising location is searched using the criteria of expected improvement (EI).
19) The function of EI expresses a potential for improvement which considers both estimated function value as well as uncertainty in the surrogate model. The high-fidelity CFD computation is executed for the explored promising location where EI is maximal, and then a new surrogate model is created by using its information. Based on the iterative process described above, the accuracy of the surrogate model is efficiently increased around promising locations in the design variable space. The flowchart of this optimization process is shown in Fig. 1 .
Note for drag coefficient
In this research, wave drag coefficient (C Dw ) is evaluated in various single/twin-body configurations. Therefore, the principles of drag coefficient evaluation are summarized in this subsection. A same reference area (S ref ), which is the projected area of a base single-body configuration, is used for all configurations. The base single-body configuration is defined in the next section. The drag coefficient is defined with respect to the unit volume V; that is the fuselage volume of the base single-body configuration. When the wave drag coefficient is calculated for twin-body configurations whose volume is 2V in total, the pressure is integrated only on the surface of one body. For the case of single-body configurations which has 2V, the pressure is integrated only on the lateral half of them. In other words, the wave drag acting on a body having a volume of 2V is calculated as
but on a body having a volume of V is calculated as
It is important to note that the commonly defined drag coefficient, in which the drag is normalized by qS ref , is twice that of the currently defined one for the bodies having a volume of 2V. In the absence of notation, the drag coefficient is calculated at the designed flow condition of this research, which is M 1 of 1.7 and the angle of attack ðÞ of 2 degrees.
Basic Analysis of Twin-Body Fuselage Configurations
Firstly, basic aerodynamic analyses of twin-body fuselage configurations (2V) are executed. In Fig. 2 , the base radial distribution of the individual fuselage (of twin-body) considered in this research is indicated. This configuration has the fixed radius of l=24 in the range of ½l=4; 3l=4, where l represents body length. The volume of this individual single body is defined as V in this research. A quadratic curved configuration which has the same fuselage volume V is also discussed in this section, whose radial distribution is also included in Fig. 2 . We call these bodies ''base'' and ''curved,'' respectively. As shown in Fig. 3 , a twin-body fuselage configuration (2V) is constructed by placing two single bodies in parallel, and the distance ratio between these two bodies is defined by d. Here, the distance ratio is defined by the distance that is normalized by the body length l. Then, depending on the types of radial distributions of the single body, two different types of twin-body configurations (2V) are generated, and we call them ''base (twin, 2V)'' and ''curved (twin, 2V),'' respectively.
The variation of wave drag coefficient with respect to the normalized distance from the symmetry line of the twinbody d=2 is shown for both twin-body fuselage configurations in Fig. 4 . Two computational mesh resolution levels are compared here that are approximately 200 and 600 thousands mesh points, respectively, for the half side of the twinbody fuselage (see Fig. 3(a) ). The drag coefficients obtained by those coarse/fine meshes show a certain level of agreement, which indicates the coarse mesh resolution level is sufficient for the current aerodynamic study. Therefore, the coarse mesh resolution level is retained in this study hereafter. The variation of wave drag can be classified into four regions as indicated in Fig. 4 . At the first region, shock waves generated from the head of a fuselage affect the frontend portion of the other fuselage. The total drag, therefore, is increased in this region. At the second region which exists only in the base geometry, the shock waves affect the constant radial locations of the other fuselage (Fig. 3(b) and (c)). At the third region, the shock waves affect the rearend portion of the other fuselage (Fig. 3(d) ). Since the pressure rise due to the shock waves increases the thrust force at the rear-end portion, the drag is minimal in this region. At the fourth region, there is no interaction between the twin bodies, which results in a constant drag force. The amount of wave drag of the twin-body is exactly twice that of the individual single body. The distributions of pressure coefficient at the inner side of the base (twin, 2V) configuration are compared in Fig. 5 . Although the third region ðd=2 ¼ $ 0:325Þ is the most promising from the viewpoint of aerodynamics, those two bodies are separated too far to form a realistic airplane fuselage. In the subsequent sec- Jul. 2013 W. YAMAZAKI and K. KUSUNOSE: Aerodynamic Study of Twin-Body Fuselage for SSTtions, therefore, the wave drag reduction is discussed at a practical distance ratio of d=2 ¼ 0:125.
Aerodynamic Shape Optimization of Single-Body Fuselage Configuration
In this section, an aerodynamic shape optimization of single-body fuselage is discussed. The drag coefficient is minimized at the designed flow condition (M 1 ¼ 1:7, ¼ 2:0 deg). A geometrical constraint is given in this problem; that is to preserve the volume of the single-body fuselage 2V which is equal to the volume of the twin-body. Axisymmetrical configurations are considered in this problem, and the radial distribution is given by a Bezier curve as in Fig. 6 . The Bezier curve is defined by seven control points, in which the vertical coordinates of five control points are treated as design variables in this study.
For the design optimization, 64 initial sample points are created and then 50 new sample points are iteratively added by the criteria of EI. We call the optimal single-body ''optimal (single, 2V)'' and its configuration is shown in Fig. 7 . The radial distribution of the Sears-Haack single-body (2V) is also indicated in Fig. 7 , which is defined by the following formula.
where Vol is the specified volume of fuselage. It is clear that the obtained optimal radial distribution is comparable to that of the Sears-Haack body. The Sears-Haack body is known as the supersonic single-body configuration that has the lowest wave drag for specified volume and length. The wave drag coefficients of the Sears-Haack single-body (2V) and the optimal (single, 2V) configuration are 164.0 and 163.1 drag counts, respectively (1 drag count ¼ 0:0001). These drag coefficients are very close and the difference can be considered within the effect of numerical dissipation. This result indicates the validity of the CFD/design optimization methodologies used in this study.
Aerodynamic Shape Optimization of Twin-Body Fuselage Configuration

Axisymmetrical configuration
In this section, an aerodynamic shape optimization of twin-body fuselage is performed in the same manner as in the previous section. The drag coefficient is minimized at our designed condition with a geometrical constraint which is to preserve the total volume of the twin-body fuselage 2V. The radial distribution is defined by the Bezier curve of Fig. 6 . The distance ratio is fixed to d=2 ¼ 0:125 in this study.
The optimal radial distribution of the body obtained in this study is shown in Fig. 8 . We call this body ''axisymmetrical optimal (twin, 2V).'' In the axisymmetrical optimal (twin, 2V) configuration, 26.7% drag reduction is achieved compared with the base (twin, 2V) configuration defined in section 4. Again, the radial distribution of the individual element of this optimal twin-body fuselage is comparable to that of the Sears-Haack body (V). The wave drag coefficient of the axisymmetrical optimal (twin, 2V) configuration is 113.0 drag counts while that of the Sears-Haack (twin, 2V) is 112.7. The Sears-Haack (twin, 2V) configuration is constructed by placing two Sears-Haack single-bodies (V) at the distance of d=2 ¼ 0:125. The distributions of pressure coefficient at the inner side of fuselage are compared in Fig. 9 . The pressure contours around twin-body fuselage configurations are visualized in Fig. 10 .
Non-axisymmetrical configuration
For further improvement in aerodynamic performance, another aerodynamic shape optimization of twin-body fuselage is discussed in non-axisymmetrical configurations. The drag coefficient is minimized at the designed flow condition (M 1 ¼ 1:7, ¼ 2 deg), with a geometrical constraint which is to preserve the total volume of the twin-body fuselage 2V.
Two Bezier curves of Fig. 6 are utilized in this study to represent the radial distributions of the outside/inside parts of the twin-body. The number of design variables is therefore 10 in this problem. The definition of the non-axisymmetrical configuration at a cross-section is schematically shown in Fig. 11 . The radius at the range of À=2 =2 is identical to the outside Bezier curve. The radius at ¼ is identical to the inside Bezier curve. At the other phases, the shape is defined by the interpolation using another Bezier curve defined in a circumferential direction, in which the C1 continuity is satisfied on the body surface. We call the obtained optimal configuration ''non-axisymmetrical optimal (twin, 2V).'' This optimization achieved 8.2% additional drag reduction compared to the axisymmetrical optimal (twin, 2V) configuration. Wave drag of this non-axisymmetrical optimal (twin, 2V) configuration is 63.2% of the Sears-Haack single body (2V) under the constant-length/-volume condition. The results of this non-axisymmetric optimization are included in Figs. 8-10 . The inner radius shrinks compared Jul. 2013 W. YAMAZAKI and K. KUSUNOSE: Aerodynamic Study of Twin-Body Fuselage for SSTto the axisymmetrical optimal configuration while the outer radius increases to preserve the volume of the fuselage. The outward radius distribution is again comparable to the SearsHaack body (r max ¼ 0:055) as shown in Fig. 8 . The advantages of the shrinkage at the inner side can be seen in Fig. 10 . The reflections of shock waves from the nose part of the body to its downstream direction are enforced by using the flat inner body. This effect can also be seen in Fig. 9 where the pressure increases not only at 0:2 x=l 0:3 but also at 0:5 x=l 0:6. This pressure rise increases the thrust force at the rear-end portion, similar to the pressure effect already discussed in section 4. The distribution of cross-sectional area of the non-axisymmetrical optimal (twin, 2V) configuration is shown in Fig. 12 . Although the optimal configuration is largely different from the SearsHaack body, its (total) cross-sectional area distribution is very similar to that of the Sears-Haack body.
Summary of aerodynamic shape optimizations
The results of aerodynamic shape optimizations executed in this study are summarized in Table 1 . As we expected, wave drag of the single-body optimal and axisymmetrical twin-body optimal configurations are almost comparable to those of the Sears-Haack single and twin bodies, respectively. The single-body configurations with 2V volume are defined by multiplying ffiffi ffi 2 p to the radial distributions for V. The non-axisymmetrical optimal twin-body configuration indicated the best aerodynamic performance among the configurations of 2V, which achieved the successful shock interactions between the twin bodies.
The off-design performances of twin-body configurations with respect to d=2 are analyzed in Fig. 13 . Although the Sears-Haack twin-body has better performances at larger d=2 locations, the non-axisymmetrical optimal (twin, 2V) configuration achieves the best performance at the design point of d=2 ¼ 0:125. The variations of C Dw with respect to M 1 and (at d=2 ¼ 0:125) are also analyzed in Figs. 14 and 15. The non-axisymmetrical optimal (twin, 2V) configuration achieves better performance than the Sears-Haack twin-body not only in the design condition (M 1 ¼ 1:7, ¼ 2 deg) but also in the entire supersonic region as well as in the general angles of attack range. 
Estimation of Viscous Effect
In the previous sections, the wave drag reduction by twinbody fuselage configurations has been demonstrated. Since it is obvious that the twin-body fuselages have larger skin friction drag than single-body fuselages due to the increased surface area, the increment of skin friction drag is discussed in this section by introducing simple algebraic skin friction models. In Refs. 1), 2), and 25) predicted friction drags based on algebraic skin friction models are compared with those based on viscous CFD (Reynolds-averaged NavierStokes solver) computations. It can be concluded the simple algebraic skin friction models are reasonably accurate for the prediction of friction drag acting on the body.
Assuming that the boundary layer along the body is fully turbulent, the skin friction drag coefficient can be estimated as
where C f is the averaged turbulent skin friction coefficient on the wetted area of the body, and S wet and S ref are respectively the wetted area of the body and reference area. The skin friction coefficient for turbulent boundary layer conditions can be calculated by the following Prandtl-Schlichting flat-plate skin friction formula. [26] [27] [28] C f ¼ 0:455 ðlog 10 ReÞ 2:58 1 þ 0:144M
where Re is the Reynolds number. In this research, the Reynolds number is given at the cruise condition of Concorde (total length of 62 [m] 
Again, the skin friction drag coefficient is defined with respect to the unit volume V similar to the wave drag coefficient discussed previously in subsection 3.3. A same reference area, which is the projected area of the base single-body configuration, is used for all configurations. In Table 2 , the viscous effect is summarized for representative configurations. The total drag coefficient C D is defined by the sum of the wave and skin friction drag coefficient. The non-axisymmetrical optimal (twin, 2V) configuration realizes 23.4% total drag reduction compared with the single-body Sears-Haack configuration (2V) under the constant volume and length conditions. The wave drag ratio (defined by C Dw =C D ) is also reduced by the twin-body fuselage configurations. This indicates that our proposed twinbody fuselage configuration can be a good candidate of a wave drag efficient fuselage of the next-generation SST.
Conclusions
In this research, twin-body fuselage configurations for a large-size SST were discussed. The wave drag characteristics/reduction of twin-body fuselage configurations were discussed at our design freestream Mach number of 1.7 using inviscid CFD computations. Two individual bodies of the twin-body configuration should be closely located to form an airplane's fuselage, although it will result in a drag increase due to strong interactions of shock waves between them. In this research, a design optimization approach was applied to explore optimal twin-body fuselage configurations to minimize unnecessary wave interactions. For the validation of our design methodologies, a single-body configuration was optimized. The obtained optimal radial distribution was comparable to that of the Sears-Haack body. The calculated wave drag of these two configurations were approximately identical within the effect of numerical dissipation. It is important to remember that the Sears-Haack body is the single-body configuration that has the lowest wave drag for a given volume and length of the body.
The axisymmetrical twin-body optimal configuration achieved 69.3% of the drag of the single-body optimal configuration under a constraint of fixed volume (2V) and length of fuselage. Both optimal configurations were very similar to the Sears-Haack body. The non-axisymmetrical twin-body optimal configuration achieved further drag reduction by promoting successful wave interactions between the bodies. Wave drag of the non-axisymmetrical optimal (twin, 2V) configuration was 63.2% of that of the Sears- Haack single-body (2V) at the design Mach number of 1.7. The increment of skin friction drag due to the increased wetted area of the twin-body configuration was also discussed utilizing the standard algebraic (turbulent) skin friction models. Final reduction in the total drag i.e., the sum of the wave and skin friction drag, was 23.4%, indicating the superiority of our proposed twin-body configuration over the Sears-Haack single body (2V) configuration. The nonaxisymmetrical optimal configuration showed reductions not only in the total drag but also in the ratio of the wave drag to the total drag. This indicates that our proposed twin-body configuration is a good candidate for the fuselage of large-size SST.
Since the advantages of the supersonic biplane wing concept have already been demonstrated, the fusion of the biplane wing concept with this twin-body fuselage concept will be the next step for the development of a large-size next-generation SST.
